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The translocation of pleckstrin homology (PH) do-
main-containing proteins from the cytoplasm to the
plasma membrane plays an important role in the che-
motaxis mechanism of Dictyostelium cells. The diffusion
of three PH domain-green fluorescent protein (GFP) fu-
sions (PH2-GFP, PH10-GFP, and PH-CRAC (cytosolic
regulator of adenylyl cyclase)-GFP) in the cytoplasm of
vegetative and chemotaxing Dictyostelium cells has
been studied using fluorescence correlation spectros-
copy to gain a better understanding of the functioning
of the domains and to assess the effect of initiation of
chemotaxis on these domains in the cell. PH2-GFP was
homogeneously distributed in vegetative as well as che-
motaxing cells, whereas PH10-GFP and PH-CRAC-GFP
showed translocation to the leading edge of the chemo-
taxing cell. The diffusion characteristics of PH2-GFP
and PH-CRAC-GFP were very similar; however, PH10-
GFP exhibited slower diffusion. Photon counting histo-
gram statistics show that this slow diffusion was not due
to aggregation. Diffusion of the three PH domains was
affected to similar extents by intracellular heterogene-
ities in vegetative as well as chemotaxing cells. From the
diffusion of free cytoplasmic GFP, it was calculated that
the viscosity in chemotaxing cells was 1.7 times lower
than in vegetative cells. In chemotaxing cells, PH2-GFP
showed increased mobility, whereas the mobilities of
PH10-GFP and PH-CRAC-GFP remained unchanged.
The social ameba Dictyostelium discoideum begins its life as
single cells, feeding on bacteria. When the food supply is ex-
hausted, starvation induces the single cells to aggregate and to
develop, eventually forming a multicellular organism. Aggre-
gation of cells is governed by chemotaxis to cAMP. During
chemotaxis, cellular movement is mediated by pseudopod for-
mation that results from the activation of several second mes-
senger pathways in response to the binding of cAMP to the
receptor. It is thought that one crucial step leading to pseudo-
pod formation is the activation of phosphatidylinositol 3-ki-
nase, which generates negatively charged phospholipids that
act as binding sites for pleckstrin homology (PH)1 domains at
the plasma membrane (1). PH domains are homologous regions
of 120 amino acids found in a number of proteins that are
quite diverse in their cellular functions. Although the level of
sequence similarity between different PH domains is quite low,
the secondary structures of the domains are very similar. PH
domains can form electrostatically polarized tertiary structure
that can interact with negatively charged membrane surfaces.
Apart from phospholipids, the -subunits of heterotrimeric
G-proteins and protein kinase C have been proposed as com-
mon ligands for PH domains. PH domains are thought to be
responsible for translocation of cytosolic PH domain-containing
proteins to the plasma membrane, where they can initiate
further action (2–4). Chemotaxing Dictyostelium cells are po-
larized. It has been suggested that the directional response of
the Dictyostelium cell comes from the selective recruitment of
certain PH domain-containing proteins to the leading edge (1,
5). Although PH domains are known to play a very important
role in the process of chemotaxis, very little is known about the
dynamics of these domains in cells. Thus, we do not know if PH
domains that have different functions in the cell would still
show similar diffusion behavior, a property that depends on the
structure, localization, and intracellular interactions of the
domain in the cell. Also, upon initiation of chemotaxis, it is not
known how these diffusion characteristics would be affected. In
polarized Dictyostelium cells, the formation of pseudopods may
lead to change in fluidity of cytoplasm or generation of force
due to reorganization of the cytoskeleton. The changes in the
intracellular environment upon polarization of the cell would
affect the various intracellular species. A study by Potma et al.
(6) has demonstrated that, due to reduction of actin cytoskele-
ton in the non-cortical regions of polarized Dictyostelium cells,
free green fluorescent protein (GFP) in these regions shows
faster mobility than in vegetative cells. The altered environ-
ment in the cell should also affect the PH domains. Quantifying
the diffusion characteristics of the species of interest in vege-
tative cells and determining the changes in these characteris-
tics upon polarization of the cells would thus provide informa-
tion not only about the dynamics of different PH domains and
their possible interactions with other intracellular moieties,
but also about the effect of cell polarization.
The technique of choice for obtaining quantitative informa-
tion on dynamic events in living cells in a noninvasive manner
is fluorescence correlation spectroscopy (FCS) (7). FCS has
been applied successfully to quantify the diffusion rates of
cellular moieties (8–12). Along with FCS, the complementary
technique photon counting histogram (PCH) analysis can be
used to provide additional information about the system, e.g.
the aggregation state of the fluorescent species in the system
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on the basis of their brightness and independent of their diffu-
sion times (13, 14). In this study, we have applied FCS to study
the diffusion characteristics of PH domain-GFP fusions in the
cytoplasm of Dictyostelium. PCH analysis has been applied to
determine the aggregation state of proteins in the cell.
For our study, we chose three PH domains: PH2, PH10, and
the PH domain of CRAC (cytosolic regulator of adenylyl cy-
clase; referred to as PH-CRAC). PH2 is a domain of an uniden-
tified protein in Dictyostelium, the gene of which has not yet
been completely described (C4V01S0022.G12).2 The protein
contains two PH domains, one N-terminal and one C-terminal,
with a Rho GTPase-activating protein domain in between. PH2
is the C-terminal PH domain. PH10 is the domain of a protein
the gene of which has been cloned and is thought to be a novel
Akt/protein kinase B homolog (GenBankTM/EBI accession
number AF093877). PH-CRAC has been studied widely and is
known to play a role in the directional response of a cell (5). It
transiently translocates to the leading edge of the chemotaxing
cell. As an indicator of the intracellular environment, we used
free GFP, which is not likely to show nonspecific interactions
with intracellular moieties (9), expressed in Dictyostelium cy-
toplasm. The goal of this study was thus to determine the
diffusion characteristics of PH2-GFP, PH10-GFP, and PH-
CRAC-GFP in Dictyostelium cytoplasm to gain a better under-
standing of the functioning of these domains in the cell and to
assess the effect of initiation of chemotaxis on these domains.
EXPERIMENTAL PROCEDURES
Cells—Wild-type D. discoideum strain AX3 cells were grown in HG5
medium (14.3 g/liter peptone, 7.15 g/liter yeast extract, 0.54 g/liter
Na2HPO4, 0.49 g/liter KH2PO4, and 10.0 g/liter glucose). For expressing
free GFP in the cells, AX3 cells were transfected with the S65T GFP
mutant gene cloned into the extrachromosomal expression vector for
Dictyostelium MB74, which bears a neomycin resistance cassette. The
open reading frame of the GFP gene was cloned behind a Dictyostelium
actin-15 promoter and succeeded by an actin-8 terminator. For expres-
sion of the PH domains, the shuffle vector LB3Neo was created. It
contains an actin-15 promoter and a Kozak sequence (AAAAATG) suc-
ceeded by the S65T GFP gene, which was cloned into the expression
vector HK12Neo. LB3Neo also bears a neomycin resistance cassette
and has a BglII site, an SpeI site, and a 2H3 terminator behind the GFP
gene. For PH10, primers 5-GCG CCA GAT CTA ATA ATA TGG CAG
ATA AAC AAG-3 (BglII site underlined) and 5-GCG CGA CTA GTC
CAT TTA ATT GTT GAG TTA TAA TCT C-3 (SpeI site underlined)
were used for PCR with genomic Dictyostelium DNA as a template.
Likewise, PH2 was amplified using primers 5-GCG GGG GAT CCG
AAA TTG TTA AAC AAG GTT A-3 (BamHI site underlined) and
5-GCG CCA CTA GTC CTT GTT GTG TTA TAC AAT TTG-3 (SpeI site
underlined). PH2 and PH10 were cloned into the BglII and SpeI sites of
LB3Neo using the indicated restriction sites of the primers. The PH-
CRAC-GFP construct WF38 was a kind gift of C. A. Parent and P. N.
Devreotes. It is also an extrachromosomal Dictyostelium expression
vector bearing neomycin resistance. The transfected cells were grown in
HG5 medium in the presence of 10 g/ml neomycin (Geneticin, G418
disulfate salt; Sigma). The molecular masses of free GFP and the
PH-CRAC-GFP, PH2-GFP, and PH10-GFP fusion proteins are 27, 39,
40, and 39 kDa, respectively.
Sample Preparation—200 or 40 l of cell suspension was taken from
a confluent Petri dish and added to either a LabTek 8-chambered cover
glass (Nalge Nunc International Corp.) or a 96-chambered glass bottom
microplate (Whatman), respectively. Cells were allowed to settle down
for 15–20 min. The medium was then removed, and the cells were
washed twice with 17 mM phosphate buffer (pH 6.5). Measurements
were performed in cells incubated in buffer. For measurements in
polarized cells, the cells were incubated in phosphate buffer for 5 h.
After incubation, the cells had elongated and had started aggregating.
Cell Immobilization—Vegetative cells expressing free GFP were im-
mobilized in a 3% agarose gel (gelling temperature for 2% (w/v) of
36–42 °C; Invitrogen), a solution of which was added to the cells after
removing the buffer completely. The agarose solidified in a couple of
seconds, reducing the mobility of cells significantly. Fig. 1 compares the
movement of cells incubated in buffer with that of cells in agarose. The
slow movement of cells in agarose indicates that the cells were alive.
Instrumentation—FCS and PCH measurements were performed
with a Zeiss EVOTEC ConfoCor inverted confocal microscope. The
details of the setup have been described previously (15, 16). The micro-
scope was equipped with a water immersion objective (C-Apochromat
40, numerical aperture of 1.2) and a fluorescein filter set (Omega 505
dichroic, 540 DF 50 band-pass filter) to separate the excitation and
emission light. The sample was excited at a wavelength of 488 nm from
the argon ion laser. The excitation intensity was attenuated with neu-
tral density filters to 10 microwatts. The pinhole, present for confocal
detection, was set at a diameter of 40 m. The autocorrelation curve
was generated with a hardware correlator (ALV-5000E, ALV, Langen,
Germany). For PCH analysis, the signal was processed by a dual chan-
nel 32-bit PCI photon-counting card (ISS Inc.) (17).
Confocal images of the cells were obtained with a confocal laser
scanning microscope (Zeiss ConfoCor 2-LSM 510 combination setup).
GFP was excited with the 488-nm argon ion laser controlled by an
acousto-optical tunable filter. A dichroic beam splitter (HFT 488) sep-
arated the excitation from the emission. The GFP fluorescence was
filtered through a band-pass 505–550-nm filter. The objective used was
a 40 oil immersion Plan-Neofluar with a numerical aperture of 1.3.
The pinhole was set at 73 m. Images were analyzed with the Zeiss
LSM Image Browser software package.
FCS Measurements—Around 100–150 autocorrelation traces were
obtained for each cell strain in vegetative and polarized stages. The
measurements were made at two to four randomly chosen spots in the
cytoplasm of 10–20 different cells of each cell strain. At each spot in the
cell cytoplasm, the measurements were repeated three or five times.
Only cells that showed high expression and appeared healthy were
chosen for the experiment. In cells expressing free GFP, PH-CRAC-
GFP, and PH2-GFP, the expression level was too high for FCS meas-
urements. In these cases, the proteins were photobleached to acceptable
fluorescence intensity levels before the measurement by exposing the
cells to a high intensity laser beam (8 milliwatts) for 1 s. Typically,2 Available at dictybase.org.
FIG. 1. Cell immobilization. Shown
are confocal images of vegetative Dictyo-
stelium cells incubated in buffer at t  0
and 33 s (a) and immobilized in 3% aga-
rose at t  0 and 30 s (b). The white
outlines show the positions of cells at t 
0. Bars  10 m.
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for cells incubated in buffer, measurements of 10 s were performed in
vegetative cells and 5 s in polarized cells. Measurements of 20–30 s
were made in cells immobilized in agarose. Diffusion of GFP in 17 mM
phosphate buffer (pH 8) containing 50% sucrose was also measured
under similar experimental conditions as those employed for cellular
measurements. Around 100 autocorrelation curves were collected for a
measurement time of 10 s.
PCH Measurements—The data were obtained from Dictyostelium
cells expressing free GFP and PH10-GFP and incubated in 17 mM
phosphate buffer (pH 6.5). Single measurements were made in 20 cells
of each strain. Raw data were obtained in photon mode. 2  106 photons
for cells with free GFP and 1  106 for cells expressing PH10-GFP were
collected at sampling frequencies of 2 and 1 MHz, respectively.
Data Analysis—The autocorrelation traces were analyzed with FCS
Data Processor Version 1.3 (Scientific Software Technologies Centre,
Department of Systems Analysis, Belarusian State University, Minsk,
Belarus). The analysis was performed using the global analysis ap-
proach, where five or six autocorrelation traces were fitted simulta-
neously with their diffusion times (Tdif) and triplet lifetimes (Ttrip)
linked. The traces were fitted with a fixed value of the structural
parameter (sp) that was obtained from calibration with a rhodamine
110 solution and varied between 8 and 12. The structural parameter is
defined as the ratio of axial (z) to radial (xy) radii of the sample
volume element. The average number of molecules (N) and the frac-
tional population of the triplet state (Ftrip) were allowed to vary. An
offset term was added to take into account artifacts in the autocorrela-
tion due to drift in average fluorescence intensity on time scales of 1
s, possibly arising from cellular and intracellular movement (12). The
quality of the fit was judged by the reduced 2 criterion and by visual
inspection of the residuals. Because all measurements were made in the
cell cytoplasm, the autocorrelation function (G()) was fit to Equation 1,
which describes the three-dimensional Brownian motion of a
single species.
G  1 
1
N  11  /Tdif 11 /Tdif sp2
1
21 Ftripe	/Ttrip1	 Ftrip  offset
(Eq. 1)







The intracellular viscosity was calculated according to the Stokes-






where k is the Boltzmann constant, T is the temperature,  is the
viscosity of the solution, and r is the hydrodynamic radius of the solute.
The raw data for PCH analysis were acquired and analyzed using
Alba FCS Version 2.55 (ISS Inc.). The data were analyzed at a sampling
frequency of 50 kHz and fit assuming single species. The PCH function
for an open system describes the possibility of observing k photon
counts per sampling time, with N as the average number of molecules
in the detection volume (13). The molecular brightness (), expressed as
kilohertz/molecule, is the ratio of the average number of photon counts
(






 is independent of the sampling frequency, and values from different
experiments can be directly compared (13).
RESULTS
Localization of PH Domain-GFP Fusions and Free GFP in
Cells—Confocal images showing the localization of PH domain-
GFP fusions and free GFP in vegetative Dictyostelium cells are
shown in Fig. 2. PH2-GFP and free GFP were homogeneously
distributed in the cell, whereas PH-CRAC-GFP and PH10-GFP
transiently localized to parts of the membrane. Fig. 3 shows the
translocation of PH10-GFP to a macropinosome in a vegetative
cell. In polarized cells, PH10-GFP translocated to the leading
edge of the cell (Fig. 4). The distribution of free GFP and
PH2-GFP in polarized cells remained similar to that in vege-
tative cells.
Diffusion Characteristics in Vegetative Cells—The distribu-
tions of diffusion coefficient values for free GFP and PH do-
main-GFP fusions in vegetative Dictyostelium cells incubated
in buffer are plotted in Fig. 5 (b–e). For comparison with in
vitro values, the distribution of diffusion coefficient values for
GFP in 17 mM phosphate buffer (pH 8) containing 50% sucrose,
obtained under similar experimental conditions as used for the
cellular measurements, is plotted in Fig. 5a. The diffusion
coefficient distributions of PH-CRAC-GFP and PH2-GFP over-
lapped with that of free GFP, whereas that of PH10-GFP
showed smaller diffusion coefficient values. The width of the
distribution of diffusion coefficient values for GFP and the
fusion proteins in cells was larger than for GFP in solution. An
estimate of the width can also be obtained from the relative
S.D. associated with each average value. The numerical aver-
age diffusion coefficients, S.D. values, confidence intervals, and
relative S.D. values as determined for each protein and for GFP
in vitro are listed in Table I. The relative S.D. values for free
GFP and PH domain-GFP fusions are between 18 and 20%,
whereas that for free GFP in vitro is 5%. From the average
diffusion coefficient obtained for free GFP in cells and buffer,
the average intracellular viscosity in the vegetative cells was
calculated to be 3.5  0.7 centipoise (Equation 3).
PH10-GFP Is Not Aggregating—PCH measurements were
performed to determine whether the slow diffusion of PH10-
GFP could be caused by aggregation of the protein. PCH anal-
ysis uses the intensity amplitude distributions to give a quan-
titative description of the molecular brightness values for the
fluorescent species present in the sample. In the autocorrela-
tion curve, this amplitude information can be obtained only
from G(0). The molecular brightness of PH10-GFP in vegeta-
tive Dictyostelium cells was determined and compared with the
molecular brightness of free GFP in the cells. The measure-
ments gave an average molecular brightness of 3.7  1.3 kHz/
FIG. 2. Vegetative Dictyostelium cells. Shown are confocal images
of cells expressing free GFP (a), PH-CRAC-GFP (b), PH2-GFP (c), and
PH10-GFP (d). Cells were incubated in buffer. Bars  10 m.
FIG. 3. Translocation of PH10-GFP to a macropinosome in Dic-
tyostelium cells. The arrows point to the macropinosomes. Cells were
incubated in buffer. Bars  5 m.
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molecule for PH10-GFP and of 3.1  0.9 kHz/molecule for free
GFP. A representative histogram is shown in Fig. 6. The sim-
ilar molecular brightness for the two proteins indicates that
PH10-GFP is not aggregating.
Diffusion Characteristics in Polarized Cells—The effect of
polarization on the distributions of diffusion coefficients for PH
domain-GFP fusions and free GFP is shown in Fig. 7. PH2-GFP
and free GFP showed faster diffusion in polarized cells, as
indicated by the shift in the diffusion coefficient distribution of
the two proteins to higher values with respect to the distribu-
tion in vegetative cells. That the differences in these distribu-
tions are significant was confirmed by the unpaired t test (p 
0.005). The shift was more pronounced for free GFP than for
PH2-GFP. However, the diffusion coefficient distributions of
PH-CRAC-GFP and PH10-GFP totally overlapped with those
obtained in vegetative cells. The unpaired t test gave p  0.5.
The numerical average diffusion coefficient values are listed in
Table I. The relative S.D. associated with each value is between
17 and 22%, similar to the results in vegetative cells. From the
average diffusion coefficient obtained for free GFP in the po-
larized cells, the intracellular viscosity was calculated to be
2.1  0.4 centipoise, 1.7 times lower than in vegetative cells.
Cellular Movement and Autofluorescence—Dictyostelium
cells incubated in buffer moved around continuously. The veg-
etative cells showed random pseudopod formation, and the
movement of cells in this stage was slower than the movement
of cells in the polarized stage. Measurement times of 10 s for
vegetative cells and 5 s for the polarized cells were chosen. This
ensured that the cells did not move excessively during the
measurement. Even during the chosen time, the fluorescence
fluctuations did not remain steady around an average value,
probably due to cellular or intracellular movement. A compar-
ison of the intensity traces obtained from GFP diffusion in
buffer containing 50% sucrose and GFP diffusion in cells is
shown in Fig. 8. The autocorrelation curves obtained from cells
could be fit well to the model describing three-dimensional
Brownian motion for a single species after an offset term had
been added to it (Equation 1). The offset term was needed to
account for the slow intensity drifts. Fig. 9 shows a represent-
ative autocorrelation curve with the fit and the residuals of
the fit.
To estimate the contribution of cellular movement to the
widening of the diffusion coefficient distributions obtained
from measurements in the cells, autocorrelation traces were
also obtained from free GFP-expressing vegetative cells immo-
bilized in agarose. Longer measurement times of 20–30s were
possible here. The numerical average diffusion coefficient for
free GFP in the immobilized cells is 24  4 m2/s, with the S.D.
corresponding to 17% of the average diffusion coefficient value
(Table I). The relative S.D. is similar to that obtained for the
various cell strains incubated in buffer, indicating that the
movement of the cells does not contribute significantly to the
S.D. values associated with the measurements. Also in the case
of immobilized cells, slow drifts in fluorescence intensity were
seen, probably indicating intracellular movement.
The contribution of cellular autofluorescence was deter-
mined from measurements made in wild-type Dictyostelium
strain AX3 cells. The autofluorescence did not autocorrelate
FIG. 4. Translocation of PH10-GFP to the leading edge of po-
larized Dictyostelium cells. Cells were incubated in 17 mM phosphate
buffer (pH 6.5) for 5 h. Bars  10 m.
FIG. 5. Distribution of diffusion coefficients in vitro and in
vegetative cells. a, GFP in 17 mM phosphate buffer (pH 8) containing
50% sucrose; b–e, free GFP, PH-CRAC-GFP, PH2-GFP, and PH10-GFP
in vegetative cells, respectively.
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and hence did not interfere with the measurement of diffusion
times. It was thus ignored.
DISCUSSION
The diffusion characteristics of PH2-GFP, PH10-GFP, and
PH-CRAC-GFP in the cytoplasm of vegetative and polarized
Dictyostelium cells have been characterized to obtain a better
understanding of the functioning of these domains in the cell
and to study the effect of initiation of chemotaxis on these
domains. The diffusion of the PH domain-GFP fusions was
compared with the diffusion of free GFP in the cells. Free GFP
was homogeneously distributed in the Dictyostelium cytoplasm
(Fig. 2a). Of the three PH domains studied, PH2-GFP was
homogeneously distributed in the cytoplasm in vegetative cells
(Fig. 2c) and did not show change in localization upon cell
polarization. This indicates that the role of PH2 in the signal-
ing pathway in Dictyostelium might be other than membrane
recruitment of the protein bearing it. Because it remains cyto-
solic in polarized cells, it is possible that PH2, like some other
PH domains (3, 18), binds to soluble inositol phosphates and
perform functions such as negative regulation of signaling
pathways by reducing the amount of free inositol phosphates
available for other processes. PH10-GFP and PH-CRAC-GFP
showed transient translocation to macropinosomes in vegeta-
tive cells (Fig. 3) and to the leading edge of the polarized cell
(Fig. 4) (19). Thus, PH-CRAC and PH10 are involved in mem-
brane binding in Dictyostelium, whereas PH2 is not. However,
the diffusion characteristics of PH2-GFP and PH-CRAC-GFP
TABLE I
Diffusion of PH domain-GFP fusions and free GFP in cells and in vitro
Average diffusion coefficients (D), S.D. values, 95% confidence intervals (CI), and relative S.D. (R.S.D.) values were determined for free GFP and
PH domain-GFP fusions in the cytoplasm of vegetative and polarized cells and for GFP in 17 mM phosphate buffer (pH 8) containing 50% sucrose
Sample
Vegetative cells Polarized cells
D CI R.S.D. D CI R.S.D.
m2/s % m2/s %
Cells incubated in buffer
Free GFP 20  4 18–22 20 32  6 29–35 19
PH-CRAC-GFP 22  4 21–24 18 23  4 21–25 17
PH2-GFP 22  4 21–24 18 27  6 24–29 22
PH10-GFP 11  2 10–12 18 12  2 11–13 17
Cells immobilized in 3% agarose
Free GFP 24  4 22–25 17
In vitro
GFP 18  1 18–19 5
FIG. 6. PCH of PH10-GFP. The upper panel shows experimental
data (f) and the theoretical fit (OO); the lower panel shows the nor-
malized residuals of the fit. PH10-GFP gave an average brightness
value of 3.7  1.3 kHz/molecule.
FIG. 7. Effect of cell polarization on diffusion coefficient dis-
tributions of free GFP and PH domain-GFP fusions. a–d, free
GFP, PH-CRAC-GFP, PH2-GFP, and PH10-GFP in vegetative (black
bars) and polarized (gray bars) cells, respectively.
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in vegetative cells were very similar. Their diffusion coefficient
distributions also overlapped with that of free GFP. This is
expected, as the molecular mass of GFP differs from that of the
PH domain-GFP fusions only by a factor of 1.5. With FCS, it is
not possible to distinguish between two species in an identical
environment without a priori knowledge until the molecular
masses differ by a factor of 4 at least (20). Free GFP, which
lacks nonspecific interactions with cellular moieties (9), is a
good indicator of the intracellular environment. The similarity
in the diffusion characteristics of PH2-GFP and PH-CRAC-
GFP with those of free GFP indicates that the two PH domains
are not interacting with any bulky intracellular moiety in the
cytosol. It is surprising that the diffusion of PH10-GFP was
slower than that of the other PH domains and free GFP. With
PCH analysis, it has been shown that this slow diffusion is not
due to aggregation of the protein. A possible reason for the slow
diffusion of PH10-GFP could be that the domain is interacting
with a bulky intracellular moiety, 8 times its molecular mass,
because the diffusion is twice as slow as that of the other PH
domains or that it is enclosed in high viscosity microregions
formed by the cytoskeleton in the cytoplasm. Luby-Phelps et al.
(21) have demonstrated the presence of structural barriers in
the form of filamentous meshwork of varying pore sizes in
the cytoplasm.
The diffusion coefficients obtained from measurements at
different positions in cells show wide distributions compared
with GFP in vitro (Figs. 5 and 7). The wide distributions illus-
trate the heterogeneity and dynamics of the intracellular envi-
ronment. From the width of the distributions and relative S.D.
values for the PH domain-GFP fusions and free GFP in the
cells (Table I), it is clear that the intracellular heterogeneities
affected all the species to a similar extent. The effect was also
similar in vegetative and polarized cells. However, the changes
in the intracellular environment upon polarization of the cell
affected free GFP and the three PH domain-GFP fusions dif-
ferently. The diffusion of free GFP in the cell cytoplasm was
faster in polarized cells than in vegetative cells, as indicated by
the shift in the distribution of the diffusion coefficient values to
higher values (Fig. 7). The diffusion coefficients obtained for
free GFP in buffer and cells indicate that the intracellular
viscosity in polarized cells was 1.7 times lower than in vege-
tative cells. A 1.4-fold decrease in the cytoplasmic viscosity in
polarized Dictyostelium cells was observed in a previous study
using FRAP (6). Faster diffusion was also seen for PH2-GFP in
polarized cells, although, in this case, the shift in the distribu-
tion of diffusion coefficient values was less pronounced. Sur-
prisingly, PH10-GFP and PH-CRAC-GFP showed no change in
their diffusion characteristics upon polarization of the cells.
Thus, the lowering of viscosity had no detectable effect on
PH10-GFP and PH-CRAC-GFP diffusion. This can be the case
if the effect of change in viscosity on PH10 and PH-CRAC
diffusion is cancelled by another event taking place in the
polarized cells. At this stage, it is not clear what that event
might be.
The factors that can interfere with FCS measurements are
cellular autofluorescence and fluorophore depletion in the cell
because of photodestruction at the focus (22). An additional
factor in Dictyostelium is the movement of the cells. Below, it is
shown that these three factors did not interfere with our meas-
urements. The autofluorescence from the cells did not correlate
and so did not contribute to the autocorrelation function de-
rived from the diffusion of GFP and GFP fusion proteins. Thus,
it did not interfere with the measurement of diffusion times
and was ignored. The second factor, i.e. the possibility of pho-
todestruction in the excitation volume during the measure-
ment, was minimized by using short measurement times (5–10
s) at low excitation intensities (10 microwatts). The expres-
sion levels of cells with free GFP, PH-CRAC-GFP, and PH2-
GFP were too high for FCS, and so the fluorophore was
bleached before the measurement. However, no fluorescence
recovery or photobleaching was observed during the measure-
ment. This indicates that the average number of molecules in
the detection volume remained constant. Consequently, the
FIG. 8. Fluorescence intensity traces. Shown are uniform fluctu-
ations obtained from GFP in phosphate buffer containing 50% sucrose
(a) and from GFP in the cell cytoplasm (b) and non-uniform fluctuations
from GFP in the cell cytoplasm (c).
FIG. 9. Representative autocorrelation curve. Upper panel, au-
tocorrelation curve from a 10-s measurement of PH2-GFP diffusion in
the cytoplasm of vegetative cells. – – –, experimental curve; OO, the-
oretical fit. Lower panel, residuals of the fit.
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diffusion times were not affected by the bleaching procedure.
The third factor that has to be taken into account is the high
mobility of Dictyostelium cells. Cells incubated in buffer con-
stantly formed pseudopods and moved around. This made it
difficult to make repeated measurements in these cells. The
measurement times chosen for the experiments (5–10 s) not
only minimized the possibility of photodepletion, but also en-
sured that the movement of the cells during the measurement
was limited. Longer measurement times of up to 30 s were
possible in cells immobilized in agarose. For most of the meas-
urements, it was observed that the average fluorescence inten-
sity did not remain steady around an average value, but
showed a slow drift (Fig. 8). This also held true for cells immo-
bilized in agarose. Similar drifts in average fluorescence inten-
sity obtained from the cytoplasm have been observed in other
cells (10). The slow drifts in intensity on the time scale of
seconds were attributed to cellular and intracellular move-
ments. The drifts were accounted for by adding an offset value
to the autocorrelation curve (Equation 1).
In conclusion, we have characterized the diffusion of three
PH domains in Dictyostelium cells. Of the three domains, PH2
was homogeneously distributed in vegetative and polarized
cells, whereas PH10 and PH-CRAC showed transient translo-
cation to the leading edge of the polarized cell. The diffusion
characteristics of PH2 and PH-CRAC in vegetative cells were
very similar, but PH10 exhibited slower diffusion. All three PH
domains were similarly affected by the intracellular heteroge-
neities. However, in polarized cells, where the viscosity was 1.7
times lower than in vegetative cells, only PH2 showed in-
creased mobility. PH10 and PH-CRAC did not show any
change.
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